Forests carrying large quantities of live and dead wood are important carbon (C) stores. Here, we investigate how the inventory of coarse woody debris (CWD) and its embedded C (CWD-C) may be designed efficiently at the scale of logs, plots, and the landscape in Tasmanian tall Eucalyptus obliqua forests, which have very high levels of CWD (here 375-1085 m³ ha -1 ). From a set of 12 sites representing different times since disturbance, a thorough census of dead wood >10 cm in diameter was carried out at five sites using a fixed-plot (50 × 50 m)
INTRODUCTION
Coarse woody debris (CWD) comprises all aboveground dead woody biomass that exceeds certain thresholds in diameter and length. It includes standing (snags or stags), and downed boles (logs) and branches of dying and dead trees. Forests characterised by a high abundance and continuity of CWD are important carbon (C) stores and the CWD is important for a range of ecosystem functions. Research conducted over the last three decades has demonstrated that standing and downed CWD is a key structural and functional element of forest ecosystems (e.g., Harmon et al. 1986 , Spies et al. 1988 , Siitonen 2001 , Stewart & Burrows 1994 , Carmona et al. 2002 .
Increasing awareness of the significant role that dead wood plays for ecosystem functioning has led to the consideration of CWD in sustainable forest management worldwide (Bauhus et al. 2009 , Hunter 1994 , Grove 2002 , Ranius et al. 2003 , Lindenmayer et al. 2006 . A common objective of the management of CWD is to maintain its spatial and temporal arrangement in a manner that mimics patterns caused by natural disturbance and stand development and provides for a continuity of habitat conditions , Keeton 2006 . To assign local benchmarks for CWD levels for certain forest types and to manage this pool, the natural variation of CWD attributes needs to be known and monitored. Inventories of CWD are also important for reporting of C storage in forests (Gough 2007) .
In regions dominated by forests with relatively low amounts of CWD -for example boreal forests, forests of drier regions, or evergreen tropical forests -a full census of all types of CWD can be done relatively quickly using plot-based or line-intersect methods (e.g., Karjalainen & Kuuluvainen 2002 , Woldendorp et al. 2004 , Grove 2001 ).
In contrast, in forest regions characterised by very high quantities of dead wood, inventory of all pieces of CWD across large areas or along numerous long lines are extremely time-consuming and expensive, and therefore impractical in most situations.
The main aim of this study was to examine whether it was possible to simplify the plot-based inventory of CWD and associated C in forests which carry large amounts of dead wood such as the Tasmanian tall wet eucalypt forests (Woldendorp et al. 2004) by identifying the CWD attributes that should be measured and those that may not have to be quantified. In particular, the study asked whether for estimating CWD volume, biomass and C content:
• it is possible to concentrate the inventory on larger CWD piece; • it is sufficient to allocate individual logs to the dominating (in terms of volume) decay-class of that log to calculate its average mass and C density; • one needs to also capture the most advanced decay stage, which is always difficult to quantify in terms of volume and mass and • volumes of both standing living and dead trees available from many inventories may be used to predict the volume of downed logs.
To answer these questions, we first quantified all types of CWD with a diameter greater than 10 cm in five 0.25 ha plots located in tall wet Eucalyptus obliqua (L'Hérit.) stands of different disturbance history and age. We investigated the frequency of a range of CWD attributes and the relationships among them in order to identify key parameters and to determine appropriate minimum diameter-thresholds. Second, these results were applied for sampling seven additional E. obliqua stands, which were comparable in age and origin to those assessed before, in order to capture the variation in CWD and C more widely in the same landscape.
METHODS

Study region and forest dynamics
The study was conducted at the Warra Long Term Ecological Research (LTER) site (Brown et al. 2001) in southern Tasmania, Australia (latitude 43° S, longitude 147° E). The climate at Warra is temperate maritime with a mean annual temperature of 7.9 °C, and an annual precipitation of 1477 mm. The region is characterised by mountainous terrain with peaks up to 1200 m above sea level. The geology is Jurassic dolerite, which produces fertile, deep clay soils (Turner et al. 2007) .
The vegetation of this region is southern cool temperate wet forest. Wildfires, with return intervals of 100-400 years, lead to the predominance of tall wet E. obliqua forests. This forest type is characterised by a tall (>30 m), open (projective foliage cover 30-70 %) eucalypt overstorey, dominated by E. obliqua and some admixed E. regnans (F. Muell) or E. delegatensis (R. Baker). On fertile, protected sites, old trees reach more than 55 m in height, in rare cases over 80 or 90 m (Hickey et al. 2000 If fire intervals exceed 100 years, mixed forests with tall eucalypt emergents above a rainforest midstorey containing (Nothofagus cunninghamii (Hook.) Oersted, Atherosperma moschatum Labill., Eucryphia lucida (Labill.) Baill. and Phyllocladus aspleniifolius (Labill.) Rich. ex Hook. f.) will replace pure eucalypt stands. In the absence of fires for more than 350-400 years, the flammable eucalypt overstorey dies out and a much less flammable rainforest persists (Wells & Hickey 2005) .
Study plots
Measurements were carried out in twelve permanent plots, which had been established as part of a "wildfire chronosequence project" in the Warra region (Turner et al. The fourth column shows the proportion (rounded to nearest 5 %) of total basal area for each tree genus contributing at least 5 %. Plots in bold letters (first column) belonged to the first measuring campaign (= full-census). For all twelve plots, CWD volume of logs and stags > 40 cm is shown (last column). Additionally, for the five full-census plots, CWD volume of logs and stags > 10 cm is depicted (last column number in brackets). S=south facing, N=north facing slopes, OG=undated old-growth.
2007) (table 1) . Sites were selected to represent comparable environments. They were situated 120-280 m above sea level on mid-slopes. Eight of the twelve plots were wildfire-derived, with four being located on south-facing (S) and four on north-facing (N) slopes (table 1, Turner et al. 2007 ). These eight sites had no history of active forest management and represented different-aged ("regrowth") stands that initiated following wildfire disturbance in 1966 (referred to as 1966S and 1966N), 1934 (referred to as 1934S and 1934N) , 1898 (referred to as 1898S and 1898N), and an undated fire before 1898 (referred to as old-growth = OGS and OGN). Even though the 1898 stands are ostensibly derived from a wildfire in 1898, elements of their stand structure and tree species composition indicate that they were also partially burnt in 1934.
The remaining four sites were stands regenerated following clearfelling and a regeneration burn and sowing of eucalypts. Again two were located on south-facing and two on north-facing slopes. Two of these plots were harvested in 1966 (Turner et al. 2007 ).
Field measurements and calculation of secondary attributes
Each plot comprised a 50 × 50 m (0.25 ha) quadrat, divided into 25 subplots of 10 × 10 m (Turner et al. 2007 ). In the first measuring campaign, each piece of standing and downed dead wood >10 cm in diameter and >1 m in length present in the plot was assessed at five sites (table 1 plots in bold letters). Based on the results from the first measuring campaign, the original inventory protocol was modified so that in the seven remaining plots only logs larger than 40 cm diameter were measured during a second field campaign. However, for standing dead wood, we still used the 10 cm diameter threshold.
The following measurements were made: CWD type (snag/log/branch; the latter only if not attached to boles any longer, or if unclear "unidentified"), species (if identifiable), horizontal (width) and vertical (depth) diameter at each end of the piece; length; decay-class (using a five-class system described in Grove et al. (2009) . For the logs of the second campaign, multiple decay-classes were still recorded for each piece of dead wood, since it was not known what effect a simplified reporting of one decay-class per log would have had on mass and C content, which can vary considerably with decay-class and rot type in these forests (Grove et al. 2009 ).
For standing CWD, only diameter at breast height (1.3 m) and total height were recorded. These attributes represented the most frequently measured parameters in previous studies of CWD (e.g,. Spies et al. 1988 , Stewart & Burrows 1994 , Harmon & Sexton 1996 , McKenny & Kirkpatrick 1999 , Carmona et al. 2002 , Pedlar et al. 2002 , McElhinny et al. 2006 . Measurements took place at the level of log-segments, in which pieces of CWD were divided whenever they showed a change in decay-class or crossed a subplot boundary. The following secondary attributes were derived from the directly measured attributes:
Log or branch volume V (m 3 ) was derived using Smalian's formula as suggested by Harmon et al. (1986): eq. 1 where a 1 and a 2 are the cross-sectional areas (m 2 ) of each end and l is the length (m) of the CWD piece or sub-segment. Snag volume V s (m 3 ) was derived using a taper function for E. obliqua (Private Forests Tasmania 2001):
where dbh is the diameter at breast height (cm) and h the height (m).
Decay-class diversity (D*) within each log was derived using the Shannon-Weaver Index (Krebs 1989) :
where S is the number of decay-classes present in a log, and p i the proportion of volume in a given decay-class.
To calculate the carbon stock in CWD of each plot, we calculated first the CWD volume of each decay-class separately. Volumes in each decay-class were multiplied by values of CWD density in the different decay-classes of CWD, which had been determined for this forest type (DC1= 495.25 kg m -³, DC2= 439.41 kg m -³, DC3= 378.96 kg m -³, DC4=291.67 kg m -³, and DC5= 212.17 kg m -³) (Grove et al. 2009) . These values are based on the calculations of average distribution of rotten-wood types and associated densities for each decay-class (see Grove et al. 2009 ). The resulting values for biomass of logs in each of the five decay-classes were multiplied by 0.5 to yield the C-content of CWD. This simple conversion could be done as C-content of CWD biomass is generally about 50 % and remains largely unaffected by decay-state in E. obliqua (Grove et al. 2009 ).
Data analysis
The measured and calculated attributes of log-segments were pooled for analyses at the scale of whole logs in order to detect relationships among attributes and variation among individual logs. Correlation matrices containing the measured and derived variables were used to identify possible relationships. Pearson correlation coefficients (r) were used to assess correlations among all possible combinations of log attributes. R-values between 0.5 and 0.8 were considered to be moderately correlated, and r-values >0.8 to be highly correlated. To examine relationships for moderately and highly correlated variables further, regression analysis was used.
The effect of different minimum diameter-thresholds of logs measured (10 to 100 cm in 10 cm steps) on the proportions of the total number of logs and total CWD volume captured was assessed for the five full-census plots.
As recording decay-class composition of logs can be a relatively complex procedure and relies on subjective visual estimation of decay-classes of log segments, we investigated how this can be done more efficiently. First we examined the possible overestimation or underestimation of decay-
class-specific CWD volume associated with assigning a single decay-class to individual logs instead of multiple decay-classes as was done during our first measuring campaign. This was done for each of the five full-census plots and separately for all logs and for small logs only (<40 cm diameter). Next, we checked the accuracy of carbon calculations when using only one average value for converting volume into biomass density instead of decay-class specific values for density of CWD. For this purpose, CWD-C in each of the twelve plots (calculated as described above) was compared with a value obtained by multiplying plot volume by the C-density of decay-class 3, which was the most abundant with regards to volume.
Determination of living stem biomass
In a preceding inventory, the DBH of all live stems >10 cm DBH (diameter at breast height above bark) had been recorded to the nearest cm, and the species determined. Height to top of crown was measured for a representative sample of trees for each major species. These height data were used to assign mean dominant height values for each species in each plot. We used a package of programs (Farm Forestry Toolbox, Private Forests Tasmania 2001) to calculate plot-level basal area and total stem volume.
RESULTS
Monitoring at the scale of CWD pieces
The volume of total (downed and standing) CWD >10 cm ranged between 350 and 1175 m³ ha -1 among the first five plots (table 1, right column numbers in parentheses). The bulk of this (87%) occurred as downed rather than standing CWD (13%). Branches comprised about 25% of all measured pieces of CWD but contained only about 5 % of the total CWD volume (table 2) . Increasing the minimum diameterthresholds for inventory of CWD showed that the number of pieces to be measured dropped off much more rapidly than the volume of CWD captured at the same time ( fig. 1 ).
Logs had a significantly higher decay-class diversity index than branches (table 2) . There were significant (p<0.01), although weak, correlations between decay-class diversity and measures of CWD size. The strongest correlation (r=0.41, results not shown) was between decay-class diversity and CWD length, indicating that longer pieces of CWD were more likely to contain sections in different decay-classes. The correlations between decay-class diversity and CWD volume and CWD mean diameter were weak (r = 0.29 and r = 0.24, respectively, results not shown). Ninety-two percent of CWD pieces showed no change in decay-class along their length; for logs <40 cm mean diameter this value increased to 94 %.
Assigning entire logs only to the volumetrically dominant decay-class instead of multiple classes led to deviations of up to 15 % of CWD volume at the level of individual plots (50 × 50 m) (decay-class 3 in the old-growth stand, table 3a). However, if only considering logs <40 cm for single decay-class classifications while still using multiple decay-classes for logs >40 cm, the maximum error was considerably smaller at only 2.7 % (decay-class 4 in the 1967 clearfelling plot, table 3b). The deviations caused by assigning only on decay class to logs were not systematic.
Monitoring at plot-and landscape-scales
During the second measurement campaign, attributes of 255 logs with a mean diameter >40 cm were measured in seven additional plots of wet E. obliqua forest (table 1, plot names in bold letters). The following results are based on analyses of attributes of these logs and the additional 128 logs >40 cm diameter which had been recorded in the five plots of the first, intensive measurement campaign. 
FIG. 1 -Proportion of total number of logs and branches measured and proportion of total CWD volume captured for different diameter measurement-thresholds. The grey vertical line displays a diameter threshold of 40 cm, which was used during our second measuring campaign. (N=1096, which includes all logs and branches >10 cm measured in the five plots of the first campaign.)
The proportion of log volume in different decay-classes varied considerably. Relatively small values were measured in three out of five decay-classes (0.3 % in DC1, ca. 6 % in DC5, and ca. 8 % in DC 2, fig. 2 ), while the remaining two decay-classes accounted for the bulk of log volume with ca. 59 % of CWD volume contained in DC3 and 27 % in DC4 (fig. 2) . We now analysed the effect of assigning a single instead of multiple decay-classes to individual logs for all logs (N= 383) across twelve plots (= 3 ha). This led to only minor deviations (-2.6 % to + 3.3 %) from actual CWD volume per ha within different decay-classes at this larger spatial scale ( fig. 2) .
The estimated amount of plot-based C present in CWD logs >40 cm ranged from 52.9 to 183.0 Mg ha -1 and was on average 119.4 Mg ha -1 across the twelve plots (table  4) . To explore further simplifications, we investigated the 
FIG. 2 -Proportion of total CWD volume per ha in different decay-classes, if assigning logs to multiple or single decay-classes. For a given piece of CWD the decay-class containing the greatest proportion of volume was allocated to that piece. Values refer to logs >40 cm which were measured in twelve Eucalyptus obliqua stands. For each decay-class the over-or underestimation of actual volume is presented as percent error (%), N= 383.
effect of using only one average wood density -that of the most abundant decay-class (DC 3) -instead of five different decay-class-specific values for calculating CWD-C. This approach led to deviations between -9.1 and +5.2 % for individual plots (table 4) . However, if we regard the plots as independent samples for the landscape dominated by this forest type, the total error would be small (-1.3 %) at the landscape scale (table 4, last row). An additional analysis showed that ignoring logs of the most advanced decay-class (DC5) during field measurements would lead to relatively small underestimations (<5 %) of total CWD-C at the landscape scale (table 4) . The assessment of the potential to predict CWD mass from information that can be remotely sensed showed that no correlation could be detected between the stem volume of live trees and the CWD volume across the twelve plots ( fig. 3, r=-0.009, N=12 ).
DISCUSSION
Implications for monitoring at the scale of logs
The results of the full census indicated that 95% of CWD volume in these forests is in logs, and that large logs account for the bulk of this (table 2, fig. 1 ). Therefore, the number of pieces to be measured can be reduced drastically with little underestimation of the total CWD volume ( fig. 1 ). Based on our results, the exclusion of logs smaller than 40 cm in diameter from inventory means that the remaining number of logs to be measured would amount only to ca. 10 % of all logs, whilst still capturing ca. 90 % of the total CWD volume. However, when considering a diameter threshold for monitoring CWD volume, mass, or carbon, it is important to consider that trees can develop internal hollows while they are alive (Williams & Faunt 1997) , as was the case for our study sites. These hollows or "pipes" in eucalypt stems must be subtracted from the true CWD volume or mass. If the average degree of piping in CWD is known, then a diameter threshold can be used to compensate for the overestimation of volume induced by piping. Working in the same study-area, Stamm (2006) reported that E. obliqua logs across all decay-classes have an average internal airspace equivalent to 20-30 % of the original volume. Assuming that logs derived from other species show similar piping to E. obliqua, or, more realistically, that all larger-diameter logs in a typical stand are derived from E. obliqua, then selecting a diameter threshold of 50-70 cm would balance losses due to piping and yet would require only 5-10 % of logs to be measured ( fig. 1) . Obviously, these thresholds are not transferable and would have to be determined for other high biomass forests.
We found that for estimating total C and volume in CWD, branches and small logs did not need to be measured in these forests. However, this may not be appropriate for studies investigating other attributes and functions of CWD that are particularly associated with these types of CWD, e.g., the presence of certain saproxylic species (Grove 2002) .
Implications for inventorying CWD at the landscape scale
Although assigning large logs to only one decay-class per log would lead to considerable errors for calculating CWD volume by decay-class at smaller spatial scales (i.e., the fixed-area plots), at the landscape scale this simplification resulted in accurate estimates of CWD volume distribution over decay-classes ( fig. 2) . Further, at the landscape scale, CWD-C mass was underestimated by only about 1 % when using one average value of wood density instead of decayclass specific ones (table 4) . Using this approach for inventory of CWD-C in forests dominated by large, long logs would present a significant simplification as assigning log segments to different decayclasses is time-consuming and also a considerable source of error due to subjectivity during decay-class classifications.
FIG. 3 -Relationship between CWD volume and stem volume of living trees in 12 different-aged Eucalyptus obliqua stands.
However, this simplification may not be appropriate to estimate landscape-level CWD-C in situations with a more even distribution of CWD volumes across decay classes or where the decay-class with average C density is not also the most abundant, as was the case here with decay-class 3.
Owing to the fact that decay-class 5 had the lowest carbon density (0.15 Mg m -³) and comprised only a low volume in these forests, not recording logs of decay-class 5 led to only small underestimation (<5 %) of actual carbon mass (table 4) . Ignoring logs of DC5 may be especially promising for increasing efficiency of CWD assessments as logs belonging to this decay-stage are the most difficult to measure. Many of these logs have largely disintegrated, lost their original shape, and are often not visible beneath thick moss covers and root systems. However, the decision not to record this decay-class should be based on the assessment of its contribution to the total CWD volume, which may be higher in other forest types, i.e., temperate forests of Patagonia, Chile (Carmona et al. 2002) . Ranius & Kindvall (2004) modelled the amount of CWD present in the landscape based on the relationship between the volumes of living trees and CWD for the mixed coniferous forests of boreal Sweden. Identifying this kind of relationship may be possible in forests in which the creation of dead wood is largely a function of selfthinning and small-scale disturbances. However, in the wet E. obliqua forests of southern Tasmania, biomass of living trees was not a good indicator for volume or mass of CWD probably due to the variable disturbance intensity in the wet E. obliqua forests and the longevity of both standing and downed trees. Therefore, it would be highly unlikely that amounts of CWD would ever be in equilibrium with living biomass. A low correlation between variables of downed CWD and living-tree characteristics was also found in boreal conservation forests in Eastern Finland (Pesonen et al. 2008) . In addition, close relationships between living and dead woody biomass would also not agree with the temporal patterns of dead wood stocks following intensive disturbances as proposed by Harmon (2009) .
CONCLUSIONS
Results from this study offer opportunities to increase the efficiency of CWD inventories for forests with high stocks of dead wood, as characteristically occur in forest ecosystems shaped by catastrophic disturbances and/or are characterised by slow decomposition rates. In addition to the tall wet eucalypt forest, this might apply also to coniferous forests in the Pacific Northwest of the US (e.g., Spies et al. 1988 , Harmon et al. 1986 ) and the Nothofagus forests of New Zealand (Stewart & Burrows 1994) and southern Chile (Carmona et al. 2002 , Schlegel & Donoso 2008 .
For CWD biomass and carbon inventories in these types of forests, we recommend the following:
1. At any spatial scale: • determine a minimum diameter-threshold to avoid sampling of many small CWD pieces. 2. For landscape surveys only: • assign each CWD piece to a single decay-class and explore the use of a single density-value to convert volume to mass and C content, • assess the effect of disregarding logs of the most advanced decay stage. Our study was based on a plot-based approach, including a full census of CWD pieces with a diameter >10 cm in each plot. This type of CWD inventory is often associated with regular grid-and plot-based forest inventories in which many other forest attributes are measured. Alternatively, sampling of downed CWD could be carried out with line intersect transects (Warren & Olsen 1964 , Van Wagner 1968 , which have been shown to be more efficient in comparison with plot-based methods for Eucalyptus-dominated forests with a canopy cover of >50 % (Woldendorp et al. 2005) . Our recommendations may be combined with the line intersect sampling approach. This might assist in determining variation of CWD attributes at the scale of forest landscapes, for which we are currently lacking information (e.g., Kennedy & Spies 2007) . The recommendation to avoid measuring small diameter material CWD must be seen in the context of inventories of CWD volume and C. In fire-prone forest ecosystems, small-diameter woody litter may well be a valid focus of inventories because it contributes to the fuel hazard. The same may be said about special habitat that is provided by accumulations of small woody debris.
The results of our study emphasised the importance of recording downed CWD separately rather than using readily available data on vertical structure (.i,e. standing dead or living trees) as a proxy for estimating log volume. Owing to their tall, dense and evergreen canopies, the latter is scarcely assessable through remote sensing in tall wet eucalypt stands. However, in other forests, where density of canopy, sub-canopy and shrub and understorey layer permit, airborne laser-scanning maybe promising for the assessment of downed CWD (Naesset 2007 , Pesonen et al. 2008 .
